Abstract. The present study was designed to observe the initiation of mitophagy in tumor cells after ultrasound treatment in the presence of curcumin under transmission electron microscopy. Nasopharyngeal carcinoma CNE2 cells were incubated with 10 µM curcumin and then exposed to ultrasound for 8 sec at an intensity of 0.46 W/cm 2 . Severely swollen mitochondria, disrupted mitochondria and mitophagy were noted in the CNE2 cells after ultrasound treatment in the presence of curcumin. Our findings demonstrated that ultrasound treatment in the presence of curcumin significantly initiated mitophagy in CNE2 cells, which suggests that mitophagy serves as an important event in the process of cell death of nasopharyngeal carcinoma cells.
Introduction
Ultrasound therapy is a safe and non-invasive therapeutic approach which shows great promise in the medical field, particularly for tumor therapy. Therapeutic ultrasound mainly includes high-and low-intensity ultrasound. At present, high-intensity focal ultrasound has been applied in the clinical management of tumors since it effectively eradicates tumor tissues through high temperatures and mechanical effects (1, 2) . Low-intensity ultrasound activates a sensitizer to produce sonodynamic action, which kills tumor cells directly or indirectly (3) (4) (5) . Sonodynamic therapy has been considered as a feasible strategy for treating malignancies. Our previous studies also confirmed that low-intensity ultrasound activated 5-ALA, hypocrellin B and mematoporphyrin monomethyl ether to induce the cell death of tumor cells (6) (7) (8) (9) . Curcumin is a naturally ocurring spice, often prescribed in India and China to treat various diseases, such as skin, rheumatic and digestive diseases (10, 11) . Recently, our studies found that low-intensity ultrasound enhanced the cell death of nasopharyngeal carcinoma cells in the presence of curcumin (12, 13) . However, the underlying mechanisms are unclear.
Necrosis, apoptosis and autophagy are the main modes of cell death which occur when tumor cells respond to chemotherapy and physical therapy (14) (15) (16) . Our previous studies showed that ultrasound exposure in the presence of curcumin significantly increased the necrotic or late apoptotic rates of nasopharyngeal carcinoma cells (12) . In the present study, we observed mitophagy in nasopharyngeal carcinoma CNE2 cells under transmission electron microscopy (TEM) after ultrasound treatment in the presence of curcumin.
Materials and methods

Sensitizer.
A stock solution of curcumin from Sigma (USA) was constructed in dimethyl sulfoxide (DMSO) at a concentration of 100 mM and maintained in the dark at -20˚C until it was used.
Cell culture. Nasopharyngeal carcinoma CNE2 cells were purchased from the Shanghai Biology Institute and approval was obtained by the Ethics Committee of Chongqing Medical University prior to the study. The cells were cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (Gibco), 50 µg/ml penicillin, 50 µg/ml streptomycin and 10 µg/ ml neomycin. The cells were incubated at 37˚C in a humidified CO 2 (5%) incubator.
Ultrasound treatment. CNE2 cells (1.0x10 5 /ml) grown overnight in a 24-well culture plate with a flat bottom (Corning, USA) were placed on a platform containing a 1-cm diameter plane transducer, and then exposed to ultrasound 1 h after incubation with curcumin (10 µM). The plane transducer with a central frequency of 1.7 MHz was used to generate continuous ultrasound energy. The spatial average intensity of the ultrasound was 0.46 W/ cm 2 and exposure time was set at 8 sec. The plane transducer was placed in a water tank filled with degassed water during ultrasonic exposure and the experiment was randomly divided into four groups as described in our previous studies (12, 13 
Results
Conventional TEM is a standard method for monitoring cellular ultrastructure and autophagy (17) . In the TEM observation, the untreated CNE2 cells showed integrity of the cell membrane and mitochondria, with well-developed cristae and a variety of cell nuclei (Fig. 1A) . Slight swelling of mitochondria was observed in the CNE2 cells treated by ultrasound alone or curcumin alone. Severely swollen and disrupted mitochondria, and more extensive mitophagy was observed in the CNE2 cells treated with ultrasound radiation in the presence of curcumin (Fig. 1B) . This demonstrated that ultrasound treatment in the presence of curcumin markedly damaged mitochondria and initiated mitophagy in the CNE2 cells.
Discussion
Our previous studies demonstrated that ultrasound treatment in the presence of curcumin increased the necrotic or late apoptotic rates of nasopharyngeal carcinoma cells (12) . In our previous TEM study, apoptotic features, such as the disappearance of microvillin, membrane blebbing and chromatin condensation, were observed in CNE2 cells treated with both ultrasound and curcumin (13) . These findings indicated that ultrasound in the presence of curcumin markedly induced the necrosis and apoptosis of CNE2 cells. Necrosis is a passive form of cell death usually accompanied by rigorous inflammation; apoptosis is an active form of cell death through programmed self-destruction of a single cell characterized by specific nuclear condensation and fragmentation (18, 19) . Autophagy is a mode of cell death distinct from necrosis and apoptosis. Autophagy is usually considered to be a genetically programmed cell death involving the degradation of cellular proteins and organelles often accompanied by the formation of an autophagosome (20, 21) . In the process of autophagy, cytoplasmic components such as mitochondria and peroxisomes are encapsulated by an isolation membrane to cause the formation of an autophagosome (20, 21) . Increasing evidence shows that the autophagic and apoptotic pathways may be regulated by common factors (21, 22) . Mitochondria are regarded as an important convergent point of apoptotic and autophagic signals, which initiate apoptotic and autophagic cell death (23) . In our previous studies, a significant collapse of mitochondrial membrane potential (MMP) and ultrastructural changes in mitochondria were observed after the combined treatment of curcumin and ultrasound (12, 16) .
In the present study, we found severely swollen and disrupted mitochondria, and more extensive mitophagy in cells after the combined treatment of ultrasound and curcumin, which demonstrated that the treatment significantly damaged mitochondria and initiated mitophagy. Mitophagy is a selective form of cell death to degrade damaged mitochondria through autophagy in mammalian cells (24) . Our findings suggest that ultrasound treatment in the presence of curcumin initiates autophagy to degrade damaged mitochondria. It is well known that autophagy plays dual roles in determining the fate of cells, such as death and survival. Certain studies have demonstrated that the induction of autophagy enhances cell death, whereas other reports reveal that autophagy sustains metabolism for promoting cell survival through the degradation of damaged proteins and organelles (25) (26) (27) . Therefore, the exact mechanisms of mitophagy and autophagy regarding the bioeffects induced by ultrasound treatment in the presence of curcumin need to be determined in future investigations.
In summary, the present study revealed that ultrasound treatment in the presence of curcumin initiated mitophagy in CNE2 cells. Our results highlight that mitophagy may be an important event involving cancer cell death induced by ultrasound treatment in the presence of curcumin. 
